Resonance ionization spectroscopy and its combination with mass spectrometry offer very high sensitivity and selectivity. The application of several variants of resonance ionization mass spectroscopy to the study of nuclear ground state properties and trace analysis of radioactive isotopes in the environment is discussed as well as the inverse process, i.e. the laser induced recombination, of bare heavy ions stored at relativistic energies in storage rings.
Introduction
Resonance ionization spectroscopy (RIS) was proposed as early as 1972. By use of resonant laser light at different wave lengths the atom is stepwise excited and finally ionized. Such a scheme has a number of advantages:
1. An ion and/or electron is detected. This can be done with much higher efficiency than in the case of detecting photons. Hence, RIS is a very sensitive technique, allowing for the detection and investigation of very rare or exotic atoms.
2. The resonance condition in each excitation step provides high elemental and isotopic selectivity. The problem of interference by contaminations can be avoided, which is of major concern in conventional optical trace analysis. Furthermore, isobaric interference as observed in mass spectrometry is strongly reduced.
3. The selectivity of RIS can still be enhanced by a mass-selective detection of the ion created in resonance. The combination of RΙS with mass spectrometry is called RIMS (resonance ionization mass spectroscopy).
4. The background an be kept low, due to the use of detectors for charged particles.
(159) Figure 1 shows the scheme for resonance ionization: Three-colour, two or three-step resonant excitation is taken as an example. The three schemes differ in the last step, the ionization step. This represents usually the bottle-neck of the excitation path due to the low cross section for non-resonant photo-ionization (left) which is of the order of σ = 10-17 10 -19 cm2 . Two to four orders in cross section can be gained by exciting to a Rydberg level (middle) which is ionized by an electric field, collisions with gas molecules or a fourth (infrared) laser beam, or to an auto-ionizing state (right). Since the electron has to be promoted to the next excited atomic level before decay by resonance fluorescence takes place (τ 10 -8 s), pulsed tunab le lasers have to be applied. But in selected cases, where optical pumping can be avoided and small laser bandwith is required, also cw-tunable lasers might be applied.
The elemental selectivity of resonance ionization spectroscopy of atoms is extremely high because of the low level density in atoms which can be reached by allowed electric dipole transitions. Typically, the chance to hit a resonance of another atom is of the order of 10 -5 to 10 -6 . If more than one resonant, stepwise excitation is induced as in Fig. 1 , the selectivities in the different resonance transitions can be multiplied to obtain the total selectivity in the RIS process. In the case of RIMS, where a mass spectrometer is added with an enhancement factor ranging from 10 3 to 106, the total elemental selectivíty is comparable or surpasses the selectivity of tandem mass spectrometry, the most selective technique known today. Hence, isobaric contaminations, as usually observed in mass spectrometry, are extremely sufficiently suppressed by RIMS.
In the case of isotopic selectivity, the situation is usually different. Here, the hyperfine structure (HFS) and isotope shift (IS) are generally too small in order to achieve efficient discrimination against isotopes of the same element. This is especially tue if pulsed laser systems with broader laser bandwiths are applied. In such cases, a pulsed laser system offers the cheap but efficient possibility to add a time-of-flight (TOF) mass spectrometer. TOF systems enable an abundance sensitivity of about 10 3 to 104 . Again, an increase by at least two orders of magnitude can be achieved by use of magnetic mass spectrometers. If still higher isotopic selectivity is required, one may induce an artificial isotopic mass shift as in the strontium experiment described below. If the separation Δv between the reso nances of the isotope under investigation and the interfering one is much larger than the linewidth Γ = 1/(2πτ), then the selectivity is given by
The excitation path for RIS has to be chosen careful in respect to available laser systems, the possibility to saturate the optical transition (sensitivity) and possible interferences (background). The task generally involves the determination of cross sections, lifetimes, hyperfine stucture splittings, isotope shifts, and the search for auto-ionizing states.
Resonance ionization spectroscopy. Experiments and results
Four experiments will be described in the following. Since experimental details and most of the results are published, the chapter tries to give an o erview. The reader is referred to the original publications.
laser spectroscopy of neutron-deficient gold and platinum isoopes
In 1972, the flrst systematic investigation of a bug isotopic series by atomic spectroscopy led to a completely unexpected result: Between 187 Hg and 185 Hg a sudden break in the trend of the isotope shifts and, hence, in the mean square charge radii was observed by Bonn et al. [4] . This break corresponds to the addition of 11 neutrons. It was explained as due to a sharp nuclear shape transition: The nuclei with Α > 187 are slightly oblate, whereas the odd nuclei with A 187 are strongly prolate deformed with a deformation parameter of β 0.25. This discovery offered the key for interpreting the structure of the nuclei in this region as caused by nuclear shape coexistence. This effect is also manifested in the observation of the coeDXiStence Of two different ShapeS at almoSt degeneratcd energies in 185 Hg and in the largest odd-even staggering of nuclear charge radii ever observed (Fig. 2 ).
This observation stimulated the investigation of isotopes in the very same mass region. (Α 185, mid-shell neutron number) of the neighbouring elements gold [5] and platinum [6] . Both are refractory elements which are not or only very recently (Au) available at the ISOLDE facility/CERN as on-line ion beams. A new technique was developed which is RIMS in combination with pulsed laser induced desorption (RIMS/PLID) [7] . Figure 3 shows the experimental set-up installed [7] . A mass-separated Hg ion beam is implanted into a graplite target. After decay to the Au or Pt daughter, the target wheel is turned by 1800 and the radioactivity is released as pulsed thermal beam by laser desorption. The atomic beam is then stepwise resonantly excited and finally ionized by the light of three pulsed tunable dye lasers, synchronized with the pulse of the desorption laser. Hence, good temporal overlap is obtained between the pulsed atomic beam and the pulsed laser beams for RIS. The photo ions created in resonance are detected mass-selectively by a TOF spectrometer. This completes the method to resonance ionization mass spectrometry. Figure 2 shows the charge radii of the Au and Pt isotopes measured by RIMS together with the corresponding data on mercury. These results show the usual shrinking of the nucleus as a function of decreasing neutron number. In the case of Au, only one drastic change in deformation is observed due to the stabilizing power of the unpaired proton. In the isotopic chain of Pt no indication of a sharp break is obtained. Nevertheless, an analysis of the IS of Pt shows that a similar deformation (β = 0.24) is observed for 183 Pt as in the isobaric and isotonic Au and Pt nuclei.
Resonance ionization spectroscopy on a fast aomic beam in collinear geometry; trace detection of 89,90 Sr
A challenge for trace analysis is the fast and sensitive detection of the radioactive isotope 89 Sr and 90 Sr spread out in nuclear weapon tests or in case of reactor accidents. Especially the long-lived isotope 90 Sr (Τ1 2 = 28.5 a) is dangerous as it is accumulated in the human bones as chemical equivalent of calcium. The radiochemical detection of 90 Sr is slow (in the order of two weeks), because it is detected via the β-decay of the daughter nucleus, 90 Y. In order to get immediate information on the pollution by 90 Sr in an accident such as Chernobyl, a non-radiative detection method is required. Since the pollution is firstly transported by air, air samples should be investigated. A typical sample as extracted from 1000 m3 air immediately after the Chernobyl accident in Germany contained only about 10 8 atoms of 89,9 0Sr but up to 10ί8 atoms of stable strontium. Therefore, an extremely high isotopic selectivity of S > 10 10 is required. At the same time, the detection efficiency must be high for reasonable statistics and the total measuring time including the sample preparation should not exceed one day.
These demands can be met by RIS on a fast atomic beam in collinear geometry by use of cw laser light for excitation [8] . Figure 4 shows the set-up. The Sr sample is chemically extracted out of an air sample and put into a surface ionization source. The ions are accelerated to about 32 kV, mass separated, and charge exchanged in a cesium vapour cell.
In the charge exchange process the lowest 3Ρ and 3D states of the strontium atoms are populated. Starting from the 3D2 state, the fast atoms are excited to 5snf 3F-Rydberg states by use of the λ = 362 nm line of an argon ion laser.
Tunability is achieved by changing the acceleration voltage of the ion beam. The laser excited Rydberg atoms are field ionized, deflected from the neutral beam, energy analyzed in an electrostatic deflector and finally counted by a channeltron detector.
The background in this experiment is mainly due to Rydberg atoms produced in the charge exchange process and by collisions with the residual gas.
Therefore, three ion filters are installed in the atomic beam path. At the first Ry -d b e r g filter a rather high voltage is applied in order to. ionize and deflect Rydberg atoms produced in the charge exchange process. In order to avoid a reduction of the optical selectivity by the Stark effect in the electric field of these filters, the laser beam is not completely collinearly superimposed to the atomic beam but in a small angle. In this way the excitation of the strontium atoms takes place In a field-free region only, while the advantage of the large artificial mass shift is fully conserved. Figure 5 shows the example of a measurement of an environmental sample taken shortly after the Chernobyl accident. An amount of 3.6 x 108 atoms of 90 Sr could be detected in the presence of 10 17 atoms of stable strontium. Presently, the detection limit of this technique is about 5 x 10 7 atoms of 90 5r.
Spectroscopy and lrace analysis of technetium, pluonium and other actinides
Up to now, spectroscopy and trace analysis of these elements released in accidents of nuclear power plants or in atomic bomb tests are rather limíted due to the high toxicity and radioactivity. Radiochemical techniques have usually a detection limit between 10 8 to 10 10 atoms at a very long measuring time. Furthermore, it is not possible to determine the isotopic composition of the sample with these techniques.
The experimental set-up is shown in Fig. 6 . Three tunable dye lasers are pumped by two pulsed copper vapour lasers at a repetition rate of 6.5 kHz. The dye laser beams are injected into a time-of-flight spectrometer of linear type [9] or of reflectron type (Fig. 6 ) with the help of prisms or by coupling the light into optical fibres. The ions produced by resonance ionization in the interaction region are accelerated to an energy of some keV by the potentials applied to two grids. They are detected by a channelplate detector after a drift length of typically 2 m.
With this set-up an overall efficiency of the instrument of 2 x 10 -5 was found for plutonium corresponding to a detection limit of 4 x 10 6 per isotope. This is an improvement by two orders of magnitude as compared to the α-spectroscopic detection limit (4 x 108 atoms at a measuring time of 16 hours). In addition to be fast, the isotopic composition can be determined with an uncertainty of some percent.
In order to find efficient resonance ionization schemes, detailed spectroscopy (transition probabilities, lifetimes, hyperfine structures, isotope shifts) has to be performed prior to the choice of the optimum resonant ionization path. Furthermore, the ionization potentials have to be determined for the heaviest isotopes. So far, no experimental data were known for the actinides heavier than neptunium [10] . The determination of the ionization potential is possible by use of resonance ionization spectroscopy in an electric field. Figure 7 shows the thresholds where ionization set in for thorium and americium as a function of the square-root of the electric field in the interaction region. As expected from the saddle point model, the data should follow a straiglt line. Extrapolation to zero electric field yields the ionization potential. In this way the knowledge of the ionization potential has been improved for thorium and neptunium and for the first time determined for americium [11] . Due to the high sensitivity of RIMS a sample containing less than 10 12 atoms is sufficient for a determination of the ionization potential. The total efficiency of RIMS with a copper vapour laser pumped dye laser is of the order of 10 -5 . The main losses are due to the temporal overlap (4 x 10 -2 at 6.5 kHz repetition rate) and the spatial overlap between continuous atomic and pulsed laser beam (6 x 10 -2 ). These losses can drastically be reduced by the concept of confinement in a hot cell, i.e. of the laser ion source (see below).
Laser ion source
As shown above, the detection efficiency for atoms in a thermal atomic beam is limited by the poor temporal and spatial overlap of the atomic beam and the laser beams, even at the high repetition rate of copper vapour lasers. These l i m i t a t i o n s c a n b e s i g n i f i c a n t l y r e d u c e d b y p l a c i n g t h e s a m p l e i n t o a h o t c a v i t y o r t u b e which is provided with a small hole where the laser beams are injected and the photo ions are extracted by an electric field. In this case the atoms will pass the interaction region with the laser light several times before they can escape from the cavity. Hence, an increase in ionization efficiency is expected [12] .
At on-line isotope separators, one big problem is to obtain isobarically pure radioactive ions beams. At present, the ion sources most widely used for this purpose are based on surface ionization or ionization in a gas discharge plasma.
However, as a result of the thermal character of these processes, the ionization is in many cases non-selective with respect to the different elements. Hence, the separated ion beams are contaminated by isobars. This problem can be solved or drastically be reduced by resonance ionization [13] . Figure 8 shows the set-up as used at the on-line isotope separator ISOLDE/CERN [13] . The efficiency of such a device is determined by the rate of photo ionization and the rate of effusion as neutral atom out of the hole of the hot cavity. Typically one calculates the theoretical efficiency of such a laser ion source to be about 20% when pulsed lasers with a repetition rate of 10 kHz are used. Experimentally determined efficiencies range up to 15%.
The application of a laser ion source has been proposed also for the determination of technetium in molybdenum ore. Since technetium isotopes are produced by a solar neutrino reaction from molybdenum ore, a determination of the technetium content in this ore would allow for a integral measurement of the solar neutrino flux over the past several million years. Figure 9 shows a preliminary result for 99 Tc in a tungsten cavity. The molybdenum isotopes are present in the source as impurity of tungsten, the constuction material of the chamber. With lasers off (top) only thermal ionization occurs. With lasers on and in resonance for RIS of 99 Τc (middle) the molybdenum isotopes are strongly suppressed. With gated detection in addition (bottom) the ratio of 99 Τc to 98 Mo is improved by a factor of 2400 as compared to thermal ionization.
Laser-induced recombination
The inverse of resonance ionization is laser-induced recombination (LIREC).
Under normal conditions such a process is not observable since there are no free electrons available for recombination. In strong electron plasmas the situation is different: Here, spontaneous, single-step radiative electron capture (REC) is observed which leads to a population of states with predominantly low principle quantum number n and subsequently cascades to the ground state. The population can be enforced by laser-stimulated transitions mainly to states of high n since the laser induced electron capture rate increases proportional to the third power of the Transition wavelength.
The experimental conditions are especially favourable when the electron plasma as well as the ion have a small energy spread. This is just the case in the electron cooler of a storage ring: Here, cold electrons (in the longitudinal direction, "cooled" by the same trick as in collinear spectroscopy) are overlapped with the ion beam and co-propagating together at the same velocity. By Coulomb collisions, the ions circulating in the storage ring with a revolution frequency of about 1 MHz dissipate their heat into the reservoir of cold, continuously replaced electrons. Cooling times of τ ti 1 s have been achieved for protons. For highly charged ions, the Coulomb forces become stronger and therefore the cooling time shorter. Ιn this case, τ is as short as milliseconds. Figure 10 shows the storage ring ESR at GSI/Darmstadt. Ions like bare uranium with energies up to 550 MeV/u can be injected, cooled by the electron cooler and kept in the ring for hours. The dominant loss process is radiative electron capture in the electron cooler. Recently, Beyer et al. [14] took advantage of this effect by measuring the X-rays of Αu 79 + down-charged to hydrogen-like Αu 78 +. In this way they determined the 1s-Lambshift in Au 78 + with the until now highest accuracy for heavy ions (E = 212 (15 eV)). The experimental value is in excellent agreement with theory.
After the first successful demonstration of single-step, laser-induced recombination at the TSR storage ring at Heidelberg for protons and C 6 + [15] and for protons also in a single-path experiment [16] , Borneis et al. observed for the first time the real HIS analogue, the laser-stimulated twostep recombination at the ESR [17] . Figure 10 shows the arrangement. Around 10 9 bare argon ions were injected into the ring and stored. Two pulsed lasers were used: A Nd:YAG laser beam (λ = 1.064 μm) was sent collinearly with the ion beam into the electron cooler. Due to the huge velocity (β = υ/c = 0.5) this laser light was considerably red-shifted in the rest frame of the ion and induced the transition n = -> n = 81.
Another laser beam (pulsed Ti:Sapphire laser, 760 nm ≤ λ ≤ 860 nm) was sent anti-collinearly with the ion beam in order to induce transitions from n = 81 to n = 36 and 37 (in the ion rest frame around λ = 460 nm). The LIREC resonance was observed by detecting the down-charged ion (Ar 17 +) in a detector downstream the cooler in the first bending magnet in a time window with an appropriate delay in respect to the laser pulse. Such investigations will not only enable one to study relativistic and QED effects in the strong fields of highly charged ions but also serve as a diagnostic tool for the beam quality in storage rings and the very peculiar situation of a highly charged ions in a cloud of cold electrons travelling at the same speed as the ion.
Conclusion
Resonance ionization mass spectroscopy has been proved to be a powerful tool in atomic spectroscopy, trace analysis, and the investigation of radioactive isotopes. Detailed atomic spectroscopy can be performed on samples containing less than 10 12 atoms. This is especially important for the investigation of atomic properties of transuranium elements. The extremely low detection limit gives access even to samples in the sub-femtogram regime. nigh elemental and isotopic selectivity can be obtained. The laser ion source can be used in order to obtain iso barically pure ion beams. When inexpensive, powerful and easy to handle laser will become available, the combination of mass spectrometry and resonance ionization spectroscopy will become one of the most powerful techniques in trace analysis.
